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INTRODUCTION 


Temperature of the environment plays an important part in the 
life of every animal. It may vary within wide limits. The higher 
animal possesses a mechanism to combat the changes in the environmental 
temperature and at the same time to maintain a constant temperature 
within its own body. These two features seem to work together. If the 
environment is hot, the animal adjusts by eliminating heat from its 
own body, thereby preventing any rise in temperature. But there is a 
limit. When the temperature of the environment is excessive, the 
animal cannot make the necessary adjustments; the body temperature 
rises and death results from hypothermia. 

If the environment is cold, the animal regulates its body 
temperature by preventing excessive elimination of heat and by generat- 
ing a greater amount within its body. However, when the limit of 
extreme cold is reached, the animal fails to make the necessary ad- 
justments; heat is lost at a greater rate than it can be produced and 
the body temperature falls progressively. 

It has been repeatedly observed that the non-hibernating mammal 
may survive a reduction in body temperature. The limit beyond which 
survival is not possible in man has been determined by German workers (1). 
It is said to be about 24° CG, In lower animals, the rabbit (1), the | 
monkey (35), the cat (5), the rat (16), the dog (4), the limit seems to 


lie between 15 - 20° ¢, 
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2. 


When the body temperature of an animal falls below normal, the 
organs and tissues are affected. A fali in temperature has a tendency 
to slow physical and chemical processes in general. Similarly, in the 
tissues of an animal, physicochemical processes are slowed, and the 
organs function at a diminished rate. Some organs have a greater 
resistance to lowered temperature than others. Since the mortality 
rate for men dying from cold exposure is high enough to be considered 
significant (6), it would be advantageous to know how to assign the 
cause of death to the failure of a particular vital organ or function. 
Many organs and tissues have been studied in the past to determine the 
effects of temperature thereon. Aside from the observation that cold 
depresses the rate of function, little can be said about the limit 

at which an organ will continue to function in the intact animal. 
Tissues have been observed to function at temperatures around zero degrees 
(skeletal and cardiac mscle strips and nerves from frog and turtle). 
Only after the freezing of the tissue juices do these tissues lose their 
ability to respond to stimuli. Few studies, however, are concerned 
with mammalian tissues at these low temperatures. 

Consequently, it has been necessary to study the intact animal 

to determine the cause of death. Walther (41) in his studies on rabbits 
stated that death was due to a failure of respiration. Other workers 
(5, 35, 36, hh) elaborated upon the mechanism of respiratory failure. 
Nevertheless, Crismon (10, 11) and Crismon and Elliott (12) maintain that 
an atypical circulatory failure occurs in the presence of a severe 


bradycardia and a reduced cardiac output with the result that the heart 
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and respiratory center are inadequately nourished. Since the circulation 
involves many factors, the author has limited his study to the activity 
of the heart. The studies to be described in this thesis concern the 


changes in cardiac function in immersion hypothermia in the dog. 
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THE DYNAMICS OF THE HEART 


The function of the heart is to maintain the circulation of the 
blood. This is accomplished by the rhythmic muscular contraction of the 
ventricles, which act as a double-chambered pump. Blood is discharged 
from these chambers during the phase of systole and the heart is refilled 
with blood during the phase of diastole. These two phases are further 
subdivided into components which describe the activity going on within 
the heart itself. The phase of isometric contraction occurs at the 
beginning of systole and comprises that phase of the contraction before 
the aortic valves open. The muscle contracts and builds up tension, but 
it is isometric in that no change occurs in fibre length. During this 
phase the intraventricular pressure is built up to a level greater than 
that in the aorta; as a result the aortic valves are forced open and the 
second phase of systole begins == the ejection period, during which blood 
is forced out of the contracting ventricles into the aorta. This phase 
continues until the pressure in the ventricle falls below that in the 
aorta from which the blood has been running off. The resultant closure 
of the aortic valves marks the beginning of diastole or muscular relaxatio 
Before blood can enter the ventricles the tension of the fully contracted 
muscle must be reduced. This occurs during the early part of diastole, 
in which the muscle relaxes without change in fibre length since no fill- 
ing can occur until the intraventricular pressure falls below the atrial, 
and no stretching of the myocardium can occur until filling begins. The 


atrioventricular valves are closed simultaneously with the aortic 
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at the beginning of the period of isometric relaxation == an event in 
which the intraventricular pressure drops from subaortic level to the 
intrathoracic pressure level, or "cardiac zero". At this point the 
atrioventricular valves open because of the greater atrial pressure and 
blood pours into the ventricles, passively stretching and rapidly filling 
the chambers. A state of diastasis may occur when the intraventricular 
pressure equals the intra-atrial. This will depend upon the duration of 
the cardiac cycle since it occurs only in long cycles. After a variable 
period the atria contract, forcing additional amounts of blood into the 
ventricles. Ventricular contraction and closure of the atrioventricular 
valves mark the beginning of another ventricular systole. Wiggers has 
done much to define these events by his own work and by analyzing the 
data of others (2). 

Except for the latter phases of diastole which require volume 
measurements these events can be studied from records of intraventricular 
pressure changes. Accordingly, a catheter was passed down the carotid 
artery into the left ventricle of a dog and records of the pressure 
changes were taken by means of a suitable manometer. It was observed that 
the pressure changes of the dog were influenced by lowered temperature. 
The data will be presented later. In the meantime, the following para- 
graphs will deal with our knowledge of the effect of lowered temperature 


upon the heart 
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LITERATURE 


Early investigations were made on the mechanics of the isolated 


amphibian heart, and it was obvious that temperature exerted an important 
influence upon the frequency and the strength of contraction. The 
frequency of the heart beat decreases with lowered temperature. Knowlton 
and Starling (23) observed a linear relationship in the isolated denervated 
heart of the dog. Several investigators (4, 10, 14, 16, 17) reported a 
linear relationship in the intact animal. The sympathetic system has been 
shown to play a role in the adaptation of the heart rate to temperature 
(3, 13). Hegnauer and Haterius (19) suggest that sympathetic activity 
affects the pulse rate so that a linear relationship is not observed in 
the intact dog. Computing a regression curve with a constant temperature 
coefficient (Q> = + 2.5) they find that the. pulse rate curve remains 
well above the computed curve. In the intact animal section of the vagus 
and atropinization fail to influence the heart rate in hypothermia (h, 15, 
29). 

The amplitude of contraction in the frog's heart was noted by the 
early physiologists to increase under the influence of lowered tempera- 
ture (7, 34). In most other preparations the temperature of the perfusate 
was recorded (23, 27). Gelhorn (13) working with strips of the terrapin 
heart explained that his preparation was better for making such studies, 
for he was able to maintain the nutrient medium and record more exact 
temperatures of the muscle. He concluded that the amplitude of contractio 


was increased with lowered temperatures but that the amplitude change was 
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determined by the frequency rather than the effect of cold per se. 

The duration of contraction, or systole, is likewise lengthened as 
the temperature falls. Langendorff (27) showed in his experiments on 
isolated, perfused dog, cat and guinea pig hearts that contraction duration 
values changed from 0.13 tc 10 - 12 seconds when the temperature varied 
from hh? =16° C. From measurements of innominate artery pulse contours 
in the dog Sheo-Nan Cheer (8) found that systole was prolonged at temper- 
atures of 33-349 C. and that a rise in temperature was accompanied by a 
shortening of systole. He, too, observed that vagotomy did not influence 
the change. 

A fall in arterial pressure is also associated with a fall in 
temperature (8, 10, 12, 15, 21). Whether the fall is gradual (15, 21, hh) 
or precipitous (10, 11) may be a species difference. These studies of 
arterial pressure changes served as an index of cardiac output. The 
cardiac output is decreased as temperature declines. Knowlton and 
Starling (23) observed to the contrary in the isoleted mammalian heart 
that cardiac output. is uninfluenced by arterial resistance and temperature 
within wide limits. Rosenhain and Penrod (33) using the direct Fick 
method and analyzing oxygen and carbon dioxide of the blood show that 
increased cardiac output accompanying the early period of shivering in 
immersion hypothermia in the dog is followed by a progressive decline. 

An increase in stroke volume on the other hand is associated with this 
decline. If the isolated mammalian heart does not have the reserve of 
the intact heart, this might account for the results of Knowlton and 
Starling. Moreover, such "reserve" may be influenced by susceptibility 


of the intact heart to neural or humoral stimuli reaching it during cooling 
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of the entire animal. It is possible also that Gelhorn's observations 
that amplitude of contraction is dependent upon frequency and independent 
of temperature might not apply under these circumstances. 

In the preparation of Knowlton and Starling (23) venous pressure 
rose at low critical temperatures and, unless the heart was warmed or the 
arterial resistance lowered, the heart fibrillated and ceased. 
Grosse-Brockhoff and Schoedel (15) and Prec et al. (31) recorded the 
right atrial pressure in their cooled dogs but failed to observe any 
rise in pressure. On this basis they (15) conciuded that death was 
not due to cardiac failure. In the rat Crismon and Eliott (12) find a 
rise in superior vena caval pressure during the period of shivering. The 
elevated pressure declines with cessation of muscular movements but 
rises again prior to death. This factor together with the precipitous 
fall in arterial pressure suggests to them that failure of the circulation 
is the cause of death. The studies of Oppenheimer and McCravey (30) on 
pulmonary circulation rates in man suggest a hypofunction of the right 
ventricle. Finding right heart failure in one patient undergoing 
erymotherapy, they imply a similar conclusion. Pulmonary congestion also 
was observed by others (1, 10, 39). 

Electrical disturbances in the heart are associated with hypo- 
thermia. Barcroft (3) observed the absence of P waves in the marmot. 
Hamilton et al.(16) noticed in rats and kittens that the P-R interval was 
prolonged and that the R & T segments were wider and of greater amplitude. 
They noticed the resemblance of these findings to the electrocardiographic 
changes in the hypoxic heart, and wondered about a hypoxic condition in the 


heart of a cooled animal. Other investigators (15, 2h, 26) accepted this 
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view of a hypoxia of the heart. Crismon (10) has summarized these changes, 
together with the production of various degrees of A-V block, sinus and 
nodal arrhythmias, and ectopic ventricular beats. Although his work was 


with cardiac strips, Gelhorn (13) noticed the resemblance of electrical 


events in a cold cardiac muscle to those in a hypoxic one, and he suggested 
that change in electrical events was due to the influence of cold on the 


muscle rather than hypoxia. 


All of these observations show that cold influences the conductivit 
of the heart, the force and duration of contraction, and the frequency 
and rhythmicity of the heart beat. Since an animal's total oxygen con- 
sumption, which is taken to represent the rate of general metabolism, 

is found to be depressed likewise, it appears that the heart responds to 


external application of cold in a manner which conforms with a change 


in a recent article (1) in which he reports that measurements of 
ventillation rate and oxygen consumption in the guinea pig indicate that 
the progressive fall in oxygen consumption is not due to a failure of 
external respiration. 

On the other hand, a fall in arterial pressure, reduction in 
cardiac output, and an abnormal rise in venous pressure may be interpreted 
to indicate that the heart is failing rather than readjusting its function 
to demand. If hypothermia exerts a restricting effect on cardiac reserve 


in demand for circulatory blood. This thought is suggested by Gosselin 
| 
capacity for adaptation to changing ambient conditions, the relation of 


d 


this restriction in reserve to the degree of environmental change may be 
the factor which determines when adaptation gives way to decompensation. 


Tait's (38) observation that the isolated heart of a hibernating animal 


1 | end | \ a “7 AW) erent" aS a Ra iii 
Py 14) : uh as | ae 
; aye as 

Yeon arto > ese ag bi 8) 
‘pa -eorke sent He Bae i8v 
' gew tow ath agwoddts sited 


Lasixtools to corel mai ans a (f 


pao add esomenl tat ‘i deat i. entire. ed to i) 
Youexpert odd ns qsotosadiog Yo nobtesub bits ‘oro aif «outer exit te 
aco se@qyxo latod 2'ismins as conte .taed’ ison onit to ‘pho hathytr fa 
geeifodssem Letenes To eget ook: stneeeteo7 of mist ‘et Soke mot gun 
od abodes guise ead sede erabags + ee LNeaed pezaerqo0 od ‘ob baat eb 
Symsiy 2 dé tw erirotane so tew sco rasnpi & at bic to coftes Haga Lanveexs 
nhfeeeod vd bedsepaie ot seiputontt aid eboold CRORES <0? busasb af 
“0 edneaetvesem pasts edxoqet en dotsw nt (iL) ats tons jnboor 6 iit 
tedt odsotbat niq senion oft rt Hossqmuanng nego bas oder ofa citiney 
fo onwist 8 of sub tom et ‘aderdbwinae degyxo at List evfesomgor ons 
ad faenesce 
Rt noktorber pomeerig Introtay at {fot 2 buat wate ate 
bedetatotnt ed yen onwensna SHORE mL eeit Lomond *. DMB \oid00 e2bnao 
| soktonp? edt gaideutbsen nati ait ati ist Fe ae ods fect edso bat ot 
| evagee+ og.tbrso tro jootie goRioligeet 5 comme é m196 ogy a <fraateb, od) 
‘to nobtatan oid qpciatitonos: jnmtien rataatle 9! + moksnagaba xt iy 
od Ysa wgdario Ledaennos tvnblito semeb na of sweet cones ee 
Ackvsenoquosed of Yew eev-hi Hobie ahs se di ciinlee ! 
Coot ime nal btanasd td 8 Lo Steed { bevaont 49 | 


10 


can adjust to lower temperatures than that of a non-hibernating animal 


seems interesting in this connection. Studies upon the dynamics of the 
heart permit a more critical examination of such questions. The results 
of the experiments conducted in this investigation will be presented 


together with an attempt to correlate the findings with facts already known 
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METHODS AND PROCEDURE 


Unselected dogs weighing 7 to 20 kilograms were used. Most dogs 
weighing over 7 kgm. had blood vessels which were of adequate size for 
catheterization. 

In one group of 13 animals pentothal sodium was the anesthetic 
and it was given intravenously in doses of 30 — 35 mgm./kgm. Since 
it is fast acting and of short duration, small divided doses could be 
given at intervals to meet the minimum requirements for maintaining a 
quiet animal. Once the body temperature of the dog was cooled to 
27 - 28° C. very rarely was additional drug necessary. 

In another group of 10 dogs 100 = 300 mgm. of pentothal sodium 
was given intravenously as an induction to subsequent ether administra- 
tion. An endotracheal tube was passed and the ether applied by open 
cone method. Again the animals were maintained with the minimum 
requirements, once the necessary surgery had been carried out. 

During the deepest phase of the anesthesia, a 3 - 5 inch midline 
incision was made through the skin between the cricoid cartilage and 
sternal notch. The right external jugular vein and the left common 
carotid artery were exposed and dissected free in preparation for the 
insertion of right atrial and left ventricular catheters. 

Figure 1 is a drawing of the apparatus. The dog, tied securely 
to a dogboard in a supine position, was immersed in a bath containing 
water and cracked ice, the temperature of which was kept at ) - 6° C. 


The inclined board was immersed so that the animal's entire back, hind 
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legs, abdomen, shoulders, and 1/3 - 2/3 of its chest were below the 
water level. The catheters were attached to Statham strain gauges 

one of which recording left ventricular pressure changes was critically 
damped. Three-way stopcocks connected with pressure chambers and a 
saline reservoir were used to flush the catheters and to record static 
pressures for calibration of the gauge. Wire connections led from the 
gauges to Heiland galvanometers. The system was made free of bubbles 
by using boiled saline and flushing the system with carbon dioxide 
beforehand. A galvanometer single filament bulb situated 45 cm. from 
the galvanometer furnished a source of light which was reflected by the 
mirrors of the galvanometers onto a camera one meter away. A 1/2 H. P. 
motor ran the film at speeds of 25, 15, 10, 5, or 4 mm/sec. A con- 
ventional No. II lead electrocardiogram was recorded with a Sanborn 
mirror galvanometer. All galvanometers were in alignment parallel to 
the camera slit lens, thus eliminating parallax. Base line markers of 
stationary mirrors also were in alignment. A light source behind the 
galvanometers had a rotating slit shutter which flickered light onto the 
screen, at one second intervals, establishing the time relations. The 
intravascular catheters were No. 8 - 10 F gauge, radiopaque and flexible. 
The end had been treated previously so that the last cm. described a 
curve with a 1 cm. deflection, and there were two eyelets 1 cm. from the 


tip and an opening at the tip itself. Straight catheters were used to 


*  .Left ventricular pressure was recorded with the Sanborn Electro- 
manometer in dogs, D-50, 51, 5h, 55, 56. 
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record left ventricular pressure changes. Chlorazol fast pink, an azo 
dye which by means of antithrombin formation prevents clotting, was in- 
jected through the venous catheter in a dose of 1 cc. of an 8% solution 
per kgm. Préqacut flushing of the catheters further insured absence of 
clot formation. 

After the necessary surgery the atrial catheter, which had been 
filled previously with saline, was passed caudad in the incised right 
external jugular vein. The galvanometric deflections were observed and 
the character of the waves noted to determine the chamber of the heart 
in which the catheter tip was located. When ventricular waves had been 
identified, the catheter was withdrawn slowly until the atrial waves 
of much smaller amplitude appeared and were seen to fluctuate with 
respiration. Occasionally ventricular waves reappeared during the course 
of the experiment and required retraction of the catheter 0.5 to 1 cm. 
to return it to the atriun. 

The left common carotid artery was ligated distally and a straight 
catheter was introduced through a small incision and passed backward in 
the vessel until it struck the aortic valve. Only infrequently did the 
catheter pass into the descending aorta. The catheter was forced through 
the valve, and again the location of the tip was identified by the 
character of the ventricular pulse wave. A thermocouple deep in the 
rectum of the animal recorded continuous temperatures on a Leeds—Northrup 
"Speedomax" instrument. 


Composite records were taken before tha animal was immersed and 


‘ then periodically at 10 - 15 minute intervals. When the dog finally 


died the chest and heart were opened and the actual position of the 
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catheter tip noted. Records then were taken with the animal still in 

the bath and again with the animal above the tub where it had been at 

the start of the experiment. These final records established absolute 
zero levels (28). Static pressures were taken before and after the 


experiment for calibration of the manometers. 
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ANALYSIS OF RECORDS 


The records of 23 dogs were examined for measurements of the 
phases of the cardiac cycle. A base line for zero pressure reference 
is included in all records. The duration of systole was measured from 
the abrupt origin of the pressure rise (point a, Fig.2) to point b on 
the ejection curve where an abrupt fall begins. Although the latter 
point could not be doNeenisind easily when the heart was beating faster 
than 170 times a minute and the film was moving at 25 mm. per second, it 
could be identified with greater assurance and less potential personal 
error in measurement in the longer cycles. The abrupt pressure change 
at the end of systole marked the time of closure of the aortic valve, 
When the contour of the pressure recordings were perfectly smooth, 
accuracy of measurement could be attained with practice. 

Isometric relaxation was measured from the end of systole to the 
point c at which the descending limb of the pressure curve reaches a con- 
stant level. Wiggers (42) does not consider the latter point the term- 
ination of isometric relaxation. Instead he refers to a point u less 
than .02 seconds earlier, just before the static level is reached on 
the descending concave sweep. Without volume curves such acute 
delineations were impossible. Because Wiggers! curves were taken on a 
faster moving drum (75 mm. per second) it was felt that this difference 
was negligible, yet constant. Only curves having a contour resembling 
type I of Wiggers were measured, because he states that curves having 


the configuration of type I are "always obtained when the heart and 
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circulation appear to be normal in both unanesthetized dog and man". 

When the heart rate was slow, there was little difficulty in 
measuring the duration of systole and isometric relaxation at a film 
speed of 25 mm. per second. Comparison of records taken with the 
Statham strain gauge and the Sanborn electromanometer revealed only 
slight differences at fast rates. There were no differences in the 
rates below 10. The electromanometer, which was used in the late stages 
of the experiment, proved to be more convenient since slight clotting 
at the catheter tip occurred less frequently (presumably due to a 


smaller volume of fluid displacement with corresponding pressure changes). 
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RESULTS 


Twenty-three animals were studied. One group of 13 was anes- 
thetized with pentothal sodium, and 6 of these were given artificial 
respiration when the temperature feli to 2h° C. or thereabouts. Al- 
though artificial respiration may play a role in survival (5, 36, 38, 1), 
the events of the cardiac cycle were not directly influenced. Similarly, 
a third group of 10 dogs anesthetized with ether showed no recognizable 
difference from the others in respect to the cardiac cycle. In Table 1 
the duration of systole is arranged in columns at various heart rates 
together with the right heart temperature in parentheses (see Table 2). 
It can be seen from the mean and standard deviations of each column 
that the major differences are due to the behavior of 1 or 2 animals 
of each group, i.e., animal D-28 in group I, D-36 in group II, and D-55 
in group III exhibit low values in contrast to the average. It is also 
true that when isometric relaxation is compared at various heart rates 
in the 3 groups no significant difference can be found (see Table 3). 
All groups, therefore, were combined and treated as a single group. 

Figure 2 is a tracing of characteristic records. The upper 
tracing is that of the left ventricular pressure curve of a dog 
before immersion when the heart was beating at 170 per minute. The 
middle tracing is that of a normothermic dog with a heart rate of 50 
per minute (the heart having been slowed by vagus stimulation). The 
lower tracing is that of a hypothermic dog with a heart temperature 


) 
of 23.0 C. and a rate of 50 per minute. The period of systole has 
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Table 2. 


The relationship of mean rectal and heart temperatures* 
at various levels. 


Rectal 
temp. 


3650-"9Rt 
37.0 
36.0 
35.0 
3.0 
33.0 
32.0 
31.0 
30.0 
29.0 
28.0 
27.0 
26.0 
25.0 
2.0 


Rt. heart 


temp. 


BiaOer 
36.0 
35.0 
34.1 
33-2 
32.3 
31.4 
30.5 
29.7 
29.1 
28.0 
2725 


25.3 
2h) 


Rectal Rt. heart 


temp. 


2310%C. + 23.5) °C. 


2267 
21.8 
20.9 
20.2 
19.5 
18.8 
18.1 
Lies 
17.0 
16.) 
15.8 
15.3 
14.7 


* Temperatures of the right heart were obtained 
by means of a thermocouple passed down the 
external jugular vein in a series of 10 dogs 
studied by Hegnaver (18). 
in these experiments were obtained by using 
the table and converting the recorded rectal 
temperatures. 


Heart temperature 
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Figure 2. Tracings of left ventri 
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been stippled and it includes isometric contraction and ejection phases. 
The blackened area is the phase of isometric relaxation. The cycle 
length is represented by the black bar. It can be seen that the duration 
of systole and isometric relaxation are markedly affected by lowered 
temperature and that these changes are not due to the increase in cycle 
length. Apparently both cardiac and striated muscle respond similarly 
to the influence of temperature. Walker, in a recent article (0), has 
shown that cooling the rat triceps surae in situ and the frog gastrocnem- 
ius both isolated and in situ affects the contraction of striated 
muscle fibers so that they respond with increased tension and greater 
duration, and the changes are of the same magnitude.as in these studies. 

Plotting the duration of systole and the duration of isometric 
relaxation (Fig. 3) against temperature consistently showed a prolongation 
of each phase with decreasing temperature. Irregularities of heart 
rate and of pressure wave contour were seen at an average heart tempera- 
ture of 18.8° c. 

Since each phase of the cardiac cycle has a temporal attribute, 
just as does the heart rate, it was felt that plotting the duration 
of systole and isometric relaxation vs. the length of the cardiac cycle 
(the reciprocal of heart rate) would provide a more significant correla- 
tion in that the effect of lowered temperature at any given cycle length 
could be demonstrated directly. This relationship can be seen in Fig. kh. 
As the cardiac cycle lengthens in the cold animal, the duration of 
systole increases but not quite proportionally; e.g., in a three second 
cycle (rate of 20 beats per minute) the length of systole is 6 times 


greater than in a cycle of 0.3 second. Moreover, it can be seen that 


seouriic eae ie sore 
dices edt we ta otwe 


i sobieeeb: oft dadd noe. ed sto af cot aso tes 
bouswok Yo bespel?s ibe ena otf notsexsker 04 : 
‘loys me) cesta ot aph don 18 segnesio eon 
yfaslinte faogest efoenm Bede inte bns tethiso dod et ft fee . 
ved Oa es treoe1 s nt ,vedtew serudstegned ko ‘or 


} noone SBR a6! bets odie mt eenna eqonind da ont auibfoos dat : vl 


( | ete inve fo pbidosticoo oft edooTia utie mt bee, ae 


xesiiomy fi sotenes Goeseroai cttw Suounen Yost It O82 is 
colbide Gaend Gb BB. chedingom emee Orit Lo ene eeertido® edt bre . 


otagpatoek to Dia yiniis end pus elocnye ‘to notdeteb ast ol E 


[ Patiaeneae & beworle yldesdetonoe ontereqmed ‘eelaae (€ atk 
Sipe to eettineluzersl 9 .eiwdste oqprio on tewenoeB dtin 2 


tL 


-s19quiea) other eters ig 38 meee stow wodaoo svEw er re ‘on 


fh Pay 
ti 
if 


odie Uptormed 6 ead aloyo o&ibiS arts 16 onan 068 : ev 
aokie nib, ett s sentiota dit dle? asw dt. cedex sibed edt 2 
eL519) ne Hes ed¢ to dgin: ef eld sey no tsgexs for col 
~BLSt 100, Fresh * tap te exon s ohivow blow (odet Funont fof " 


i) Ady et a gmevin Ye ide ods tomes athe Yo ipette ae 


Ca 
wan: 
a 


wt 


1 ‘ 
i 


lane | ENS ; 


«i oO LT we noe: od neo wee bye Ler eet siete oi 7 ot te e 


gedt nose od nao di ,sevoStOM 


* 
i 5 
— 


ae 
‘= 


a ed 
—_ 


q-* 
—_ Z 
~ 


—"s = 
~ _— 
- a ta - 
Se ae 
_ en eel a 
A . 
> 7 
-— «h* 


=> 


i el EE 
— 
oa 
g 


Lo 
Yet 
—— 


* -f 


a 


em 


*oinzetedue, qleoy JUSTIA 04 UOTYexXeTeI OTAYeUWIOST pue eTOysfs Jo ucTIeANp 9Yy4 Jo uOTIeTOY *€ eunsty 


AYNLVIFdWIL LYVYIH LHOIY 


NOLLWXW13¥ 
LaWOS| ¥0 
Lo 
FIOLSAS x0 


—— 


— 


% 


“- 


time 
ee 


i 


H wy i 
iat = | : 
ee he 


, oi ne - * 


25 


Oe = a 


SONGOSS NI HLONST 319A9 


ALVY LYVIH ---- 92 of ov 09 O08 a2F 202 


NOILWXVTAN = WALAWOSI 
VINX AHLOWYON 


JWLSAS 


NOILVXV73Y OIYLIWos! 
VIWWSAHLOdAH 


} AIOLSAS 
OZbT 


C 02 oF $0 £0 


*yysueT eToAO 09 UOT TeXeTeI OTIYeMOST pue eTosfs jo yuysueT FO uCTyeTSEY ty 


Q 


eins Ti 


a 
A 


+ | 
ig 


AN gt Se Se RS Bi ee Ey 


J 


ae ee 


— = 


es 


ne 7 
Gicrs yextep 


FeomernTe Le; sxeeyou fo 


oe a 
wi 

ae 7% 

i uf 

ae 


wen of ehegeTe suq 


peTerTou ol ye 


— 


26 
systole lasts 3.6 times as long in a hypothermic as in a normothermic 
dog with a cycle of three seconds, 3 times as long with a two-second 
cycle and twice as long with a one-second cycle. With shorter cycles 
there naturally is little difference. The isometric relaxation period 
also shows a progressive increase with a lengthening cycle in hypo- 
thermic dogs, in contrast to a negligible change in normothermic dogs. 
The changes in duration of systole and of isometric relaxation are 
qualitatively similar. Although these results of slowed rates are 
from only two dogs, the data resemble so closely those of Remington 
et al. (32) that they were considered significant. They showed that 
the relationship of systole to cycle length in the normothermic intact 
animal has a correlation coefficient of only 0.62. Reviewing the 
records of 800 normothermic dogs under various laboratory conditions, 
they conclude that mechanical factors such as stroke volume and left 
ventricular work disturb this relationship. When their data are ex- 
amined, it is found that the length of systole varies from 0.072 to 
0.22 seconds during cycle lengths of 0.2 to 2.0 seconds. If their 
data are compared to those in a cold animal such variations become indeed 
negligible. It is true Remington et al. derived their values from 
aortic pressure pulse contours from which they were unable to measure 
or include the duration of isometric contration. This phase, however, 
is fairly constant and brief in animals with compensated hearts (2). 
Measuring the interval between heart sounds in the intact anesthetized 
dog, Katz (20) observed that systole was prolonged when venous pressure 
was elevated and arterial resistance was increased and that systole 


was shortened when the accelerator nerves were stimulated or epinephrine 
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injected. Again, by comparison with the changes here observed, changes 
in the duration of systole were indeed small. 

In addition there are certain chemical factors which are known 
to influence the duration of aystebe (9, 20). An increase in sodium 
or potassium ions in the circulatory medium tends to shorten, while 
an increase in calcium ions lengthens this phase of contraction. Most 
chemical substances have a depressing action on cardiac muscle unless 
the muscle is weak at the onset; then chemicals like calcium and 
digitalis produce a prolonging effect on contraction phase. Changes 
in pH of the blood either to the acid or alkaline side have a 
depressing action. Although calcium ions per se lengthen while most 
chemical substances shorten the duration of cardiac contraction, the 
magnitude of the change compatible with life has not been determined. 
In short the duration of systole and isometric relaxation are markedly 
prolonged by lowered temperatures, while mechanical, nervous and 
chemical factors exert a minor effect by contrast. 

The phases of systole and isometric relaxation together represent 
a period in which the cardiac muscle is under active tension. Isometric 
contraction and ejection represent a period in which active work is being 
done by the muscle. This corresponds to the absolute refractory period. 
Important changes are taking place within the muscle, upon completion 
of which excitation is possible again. It is a period of activity in 
contrast to the remainder of the cycle, which may be a recuperative 
period. The transition from work to rest is probably gradual. If the 


relative refractory period represents an associated feature with such 


a gradient, isometric relaxation, which is accompanied by refractoriness, 
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can be considered an active component of the cardiac cycle similar to 
systole. In order to examine this idea quantitatively a ratio was con- 


structed in which the combined duration of systole and isometric relaxa- 


tion was related to the time -- length of the cardiac cycle. The 
quotient, expressed as a percentage (systole plus isometric relaxation 
x 100/cycle), represents the activity phase of the cardiac cycle or the 
"activity period". 

In Figure 5 the activity phase is plotted against the pulse rate. 
It can be seen that in the normothermic animal as the heart is slowed 
more and more time is devoted to rest, for the activity phase remains 
fairly constant; whereas in the cooled animal, although more absolute 
time is spent in rest, activity occupies a greater percentage of the 
cycle. The curve levels off early in cardiac cooling and only after the 
heart is slowed to less than seventy beats per minute does this ratio 
indicate that more time is available for rest. At a heart rate of 70, 
however, the right heart temperature is 25.5° C., which may be a 
critical level. 

It may be inferred with reason from an examination of Figure 5 


that at a rate of 70 beats per minute the heart of a hypothermic dog is 


normothermic animal. Conceivably, the cooled heart may be developing 


a metabolic debt in each activity phase from which it fails to recover 


in spite of an actually but not relatively longer phase of rest. This 


possibility seems more likely in that the chemical processes of restora- 


tive metabolism are slowed by the lowered temperature. It appears that 


working at a considerable disadvantage by comparison with thet of a 
| 


the heart temperature at which this unfavorable change begins may vary 


etemet ody jaisteie eng ies, > 
edp Loads som. Sa ytty sming beloos biokta SAROEM, £2 at 
stit “te sgsinep ted wedeary s 29 Lasoo tiwtton «seen ab, + 
ott ott RAN patfoge, oxtinion sb “einen a anh 9. 
oijet sidd eoeb, edanin 2g baacisd yonerse aad nael ¢ 
OY to wie tuted 5. th hss ace 
8 od yeu didady y.5 2.28 et cxuterequmd re a ? 7 


"a / 
a ag i 


@ erget 2e jpttenswoxe fe mon’? soesen dite ee re: 
stein i woh 
. Pee ene. eee ) bien 

efat sen 9m ome PSs: Wolk: 
—erotee to igconoras  ie 


CY ve aaa ti sero ers 


29 


*ofet Jteoy ey} 03 esequeoted ut aseyd A4TATIOR Fo uotywTey °¢ eangsty 


Q2 Ob 


0.26! 


VIWSSHLOdAH 


09 O8 OO! OZI OF! 


VINYSHLOWYON 


09! og! 


002 


© oO oO ‘S) 
X © WwW vt 
ASVHd ALIAILOV 


oO 
08) 


» 
ne 
ia vy, 
\ 


¥ 


rt 
en 


4 i 
aie 


ae 
» 


from dog to dog. Figure 2 emphasizes these relationships of the activity 
phase. The tracing of a normothermic dog with a heart rate of 50 per 
minute reveals that 30 per cent of the time is spent in activity, while 
in the cooled dog 68 per cent of the time is in activity at the same 


heart rate. 
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DISCUSSION 


An analysis of the pressure curves from the left ventricle in the 
hypothermic dog has established a number of facts, the significance of 
which warrants further discussion. The function of the heart is to 
supply the energy needed to keep the blood in active and adequate cir- 
culation. This energy is expended periodically during the activity phase 
and represents a definite amount of work. Wiggers and Katz (3), study- 
ing the force developed by the heart beat, state that the intraventricular 
pressure curve observed in relation to the zero base line delineates an 
area which is an index of the mechanical effort expended by the heart 
during a contraction. The area bounded by the curve during isometric 
contraction represents the effort utilized in elevating the pressure 
level from ventricular zero to that in the aorta, while the area bounded 
by the curve during isometric relaxation represents the transfer of 
energy involved in the decline of the pressure to a level existing in 
the auricle. The authors point out that these forces, in operation during 
isometric contraction and relaxation, are not taken into consideration 
in formulae commonly used for calculating the work of the heart. In 
addition, choi mesieraunes indicate the slight variations which occur 
in these areas under various circulatory conditions and show that the most 
significant changes occur in the area representing the ejection effort 
(in the normothermic animal). 

It is generaliy recognized that a slowly beating heart is the most 


efficient. The advantage of a slow heart in the athlete and the benefit 
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derived from the maintenance of a normal heart rate in patients with 


impending cardiac failure are well known. When the influence of tempera- 
ture results in slowing, the activity phase of the heart cycle is pro- 
longed both actually and relatively. In such a situation the advantage 
ordinarily gained from a long cycle must be balanced against the dis- 
advantage of a prolonged activity phase. Although a rate of 170 per 
minute is not a critical frequency in the dog, it is associated with a 
stationary minute volume output. If the activity phase in the normai 
animal with such a rate occupies 74% of the entire cycle and a comparable 
percentage in the hypothermic animal with a rate of only 50 per minute, 

at least the same disadvantage may be assumed to be present in the 
hypothermic animal (which may be less able to tolerate it). A fast rate 
in a normal animal is associated with a decreased stroke volume and a 
constant minute volume output high in the normal range, while a slow rate 
in hypothermia is associated with an increased stroke volume but a de- 
creased minute volume output low in the normal range. Until a critical 
level is reached in each condition adequate circulatory adjustments can be 
made, but within a progressively narrowing range. Even when arrhythmias 
have appeared, a co-ordinated heart beat still may be observed. It may 
be assumed that in the examples above processes barely meet the myocardial.need. 
If the demand becomes excessive during a series of beats, subsequent 
unco-ordinated beats may be seen to follow. In the cold animal filling of 
the heart is probably just as limiting a factor as in the normothermic 
animal with a rapid heart rate. Activity of the normal heart has been 
shown to facilitate subsequent beats (2, 42), but this advantage is lost 


in the cooled heart because of its prolonged activity period and its 
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delayed and shortened filling period. 

Analysis of the pressure changes in both right atrium and left 
ventricle in these experiments reveals that just such a mechanism is at 
work in hypothermia. The final records (Fig. 6), taken 5 to 30 minutes 
before ventricular fibrillation and subsequent death, usually showed a 
salvo of beats in quick succession. Contractions of increasing and de- 
creasing amplitude frequently were seen, and the duration of systole was 
shorter. A salvo of rapid beats together with a shortened systole 
prognosticated imminent ventricular fibrillation. An elevated central 
venous pressure accompanied or just preceded these two events. The ob- 
servable fact that this picture of frank myocardial decompensation can . 
develop quite rapidly may explain the absence of pulmonary congestion in 
many investigations. 

The circulatory failure in the final stages can be analyzed along 
the following line of reasoning. Cold prolongs the activity period and 
curtails the reparative processes to the extent that a metabolic debt 
results and a hypofunction of the myocardium is established. Landis 
et al.(25) have shown in their studies of central venous pressure in the 
dog that the criterion for a decompensated heart is myocardial weakness 
evidenced by an elevated venous pressure and that a weakened myocardium 
in a state of circulatory compensation will maintain a normal venous 
pressure within certain limits. Stead et al.(37) have shown this to be 
true in man also. In the cooled animal functions are depressed gradually 
so that for some time the weakened myocardium manages to meet the circula- 


tory demand by wrking at maximal capacity. If then under these cir- 
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cumstances ectopic beats begin to occur and place an additional burden 
on the already indebted muscle, the demand cannot be met and the consequent 
myocardial failure supervenes suddenly and disastrously within a brief 
period of time. Once frank decompensation has occurred, the perfusion 
pressure of the brain and myocardium diminishes to such an extent that 
death occurs in the span of a few minutes. Further evidence of a weakened 
myocardium was observed in some animals which developed an elevated 
central venous pressure by the time that the heart temperature had 
fallen only to a level of about 23° C. On further observation these 
animals continued to show elevated right atriai pressures at still lower 
temperatures and finally behaved in the terminal stage in the manner 
described above. 

Because of possible deleterious effects of anesthetic agents the 
mode oi death was examined in groups of dogs classified according to 
the type of anesthesia. Of 12 dogs receiving ether 9 continued to breathe 
after the heart had ceased to beat effectualiy, and in 2 cases the experi- 
ment was terminated before death occurred and while respiration was regula 
and labored. In only one dog did respiration cease before the heart 
action, and this was in an animal that had been cooled extremely rapidly 
to a heart temperature of 20° C. in 70 minutes. A possible explanation 
is the lack of adequate peripheral vasoconstriction and consequent 
hypotension in the cerebral vascular circuit. Nevertheless, it seems 
reasonable to conclude that in the etherized dogs death was characterist- 
ically cardiac rather than respiratory. To the contrary, of the 7 dogs 
anesthetized with sodium pentothal 6 exhibited a cessation of spontaneous 


respiration prior to the cessation of heart action. Therefore, the mode 
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of death was characteristically respiratory under pentothal anesthesia. 
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for a hypothermic pulse rate of 50 the ratio is the same as, or greater 


SUMMARY 


By direct catheterization, the right atrial and left ventricular 
pressures were studied in dogs under conditions of immersion hypothermia, 
and the following conclusions are drawn: 

1. The duration of systole and of isometric relaxation are pro- 
longed progressively with decreasing temperature. | 

2. Although the pulse rate decreases with temperature there is 
no reason for assuming a causal relation between the prolonged muscular 
action on the one hand and the slowed rate on the other. They are more 
likely distinct processes both influenced directly by temperature. 

3. With decreasing temperature the ratio of the activity phase 


(systole plus isometric relaxation) to total cycle increases such that 


than for the normothermic pulse rate of 170, i.e., 0.68 to 0.753 whereas 
for a normothermic pulse rate of 50 this ratio is 0.30. 

4. It is suggested that the high activity/cycle ratio may result 
in incomplete recovery between beats with a resultant cumulative metabolic 
debt to account for the observed cardiac failure. 

5. Changes in the central venous pressure are consistent with the 
interpretation of a weakened myocardium, the usual pattern being a rapid 
rise in right atrial pressure with subsequent sudden and fatal cardiac 
failure, which follows within 5 to 30 minutes. A second pattern observed 
less frequently is a moderate rise in central venous pressure when the 


temperature has been reduced to 22° to 2°, followed eventually by the 
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more dramatic terminal picture just described. 

6. Sodium pentothal anesthesia further jeopardizes the hypo-~ 
thermic dog by adding a second respiratory depressant to that of the 
cold itself. 

7. It is, therefore, suggested that the nature of the pre-cooling 
anesthetic may play a large role in determining the immediate cause of 


death in the hypothermic state. 
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ABSTRACT 


| It has been repeatedly observed that the non-hibernating mammal 
may survive a reduction in body temperature. The limit beyond which 
survival is not possible has been determined in various species. The 
cause of death from hypothermia has been variously assigned to failure of 


respiratory or cardiovascular systems. Since the circulation involves 


many factors, the author has limited his study to the activity of the 


heart and the influence of immersion hypothermia upon the changes in 


cardiac function in the dog. 

Unselected dogs were anesthetized with sodium pentothal or sodium 
pentothal supplemented with ether. During tne deepest phase of the 
anesthesia, the necessary surgery was carried out. The right atrium was 
catheterized through the right external jugular veins; the left ventricle 


was catheterized via the left carotid artery. The location of the 


recording screen of a camera, and later verified at autopsy. Absolute 


zero was established with the catheters in place in the opened heart. | 


together with simultaneous electrocardiograms. The gauge recording the 


left ventricular pressure changes was critically damped. The animals were | 
immersed in water at 2 - 5° C. and serial photographic records were taken 

| until effective cardiac action had ceased. 

| Twenty-three dogs were studied. Of these 13 were anesthetized 
initially with pentothal, and the remainder with pentothal-ether. Six of 


catheter tip was assured from galvanometric deflections as observed on the 


Intracardiac pressures were recorded with electrical strain gauge 
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the former group were given artificial respiration when the temperature fe 


to 24° C. or thereabouts. The range of fatal temperatures (right heart) 
for the entire series was from 23.6 to 15.1° C. 

Analysis of the left ventricular pressure curves revealed a definite 
effect of hypothermia upon the activity phase of the cardiac cycle. 


Examination of the records revealed that the duration of systole 


and of isometric relaxation were prolonged progressively with cooling. 
Concurrently the pulse rate diminished so that cycle length increased 
with decreasing temperature. The exact relationship of these changes is 
best iliustrated by plotting durations of systole and isometric relaxation 
against cycle length. This increase in systole is such that (to take 
extremes) at a cycle length of 3 seconds (pulse rate = 20) the duration of 
systole is 6 times that obtaining in a cycle a of 0.3 seconds (pulse 
rate = 200). In the normothermic heart with a cycle of 3 seconds, 
systoles is only 1.6 times as long as in a cycle of 0.3 seconds. 

Isometric relaxation exhibited a similar change and of the same 
order of magnitude. 


The phases of systole and isometric relaxation together represent 


a period in which the cardiac miscle is under active tension. Isometric 


contraction and ejection represent a period in which work is being done 
by the muscle. It is a period of activity in contrast to the remainder 
of the cycle, which may be recuperative. In order to examine this idea 
quantitatively, the combined duration of systole and isometric relaxation 


was related to the time, or length of cardiac cycle. The quotient, ex- 


pressed as a percentage (systole plus isometric relaxation times 100/cycle 
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length), represents the activity phase of the cardiac cycle. When this 


percentage is then plotted against the pulse rate it may be seen that in 


the normothermic dog as the heart is slowed, more and more time is 
devoted to rest for the activity period remains fairly constant; whereas 
in the cooled animal, although more absolute time is spent in rest, activ- 


ity occupies a greater percentage of the cycle. The curve levels off 


early in cardiac cooling and only after the heart is slowed to less than 
seventy beats per minute does this ratio indicate that more time (relative 
and absolutely) is available for rest. At a heart rate of 70, however, 

the right heart temperature is 25.5° C., which therefore, may be a 

critical level. It may be inferred with reason that at a rate of 70 beats | 
per minute the heart of a hypothermic dog is working at a considerable 
disadvantage by comparison with that of a normothermic animal. Conceivabl 
the cooled heart may be developing a metabolic debt in each activity phase 
from which it fails to recover in spite of an absolutely but not relativel 
longer phase of rest. This possibility seems more likely in that the 
chemical processes of restorative metabolism are likewise slowed by the 
lowered temperature. It appears that the heart temperature at which this 
unfavorable change begins may vary from dog to dog. In a normothermic 
animal with a heart rate of 50 per minute 30 per cent of the time is 


spent in activity, while in the cooled dog 68 per cent of the time is so 


spent at the same heart rate. | 
The function of the heart is to supply the energy needed to keep 

the blood in active and adequate circulation. The energy is expended 

periodically during the activity phase and represents a definite amount 


of work. A slowly beating heart is normally the most efficient. But, whe 
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the slowing is brought on by the influence of temperature, the activity 


phase of the total cycle is prolonged both actually and relatively. In 


) such a situation the advantage ordinarily gained from a long cycle mist 


be balanced against the disadvantage of a prolonged activity phase. 
Analysis of the pressure changes in both right atrium and left 


ventricle revealed a salvo of beats in quick succession 5 to 30 minutes 


before ventricular fibrillation and subsequent death. Contractions of 
increasing and decreasing amplitude frequently were seen and the duration 
of systole was shorter. A salvo of rapid beats together with a shortened 
systole prognosticated imminent ventricular fibrillation. An elevated 


central venous pressure accompanied or just preceded these two events. 


of the following line of reasoning. Cold prolongs the activity period 


and curtails the restorative processes to the extent that a metabolic 


cooled animal all functions, including metabolic, are depressed gradually 


so that for some time the weakened myocardium manages to meet the circula- 


tory demand by working at maximum capacity. If then under these conditions 
ectopic beats begin to occur an additional burden is placed on the already 
indebted muscle such that the demand cannot be met and myocardial failure 
supervenes suddenly and Steet Cee guiiy, Once frank decompensation has 


occurred, the perfusion pressure of themyocardium diminishes to such an 


extent that death occurs in the span of a few minutes. 


The circulatory failure in the final stages can be analyzed by use 
| 
| 


| 
| 
debt results and a hypofunction of the myocardium is established. In the 
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Further evidence of a weakened myocardium was observed in some | 
animals which developed an elevated central venous pressure when the heart | 
temperature had diminished to a level of about aa C. These animals con- | 
tinued to show elevated right atrial pressures at still lower temperatures 
and immediately preceeding terminus, behaved in the manner described above. 

Because of possible deleterious effects of anesthetic agents the | 
mode of death was examined in groups of dogs classified according to the 
type of pre-cooling anesthesia. In the etherized dogs death was 
characteristically cardiac rather than respiratory, whereas the pentothal 


group exhibited predominently respiratory failure unless artificial 


respiration were administered. 
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